] is approximately 10 : 1 in most cell types.
2) By acting as the electron donor cofactor in the glutathione (GSH) reductase (GR) reaction, NADPH is critical in maintaining appropriate levels of GSH, the most abundant source of non-protein thiols. A number of investigations have suggested that the [GSH]/[oxidized glutathione (GSSG)] ratios is 50-100 in the cytosol of mammalian cells.
3) Thus, intracellular levels of NADPH seem to be controlled to maintain the cell redox potential in a manner dependent upon GSH. However, it is less clear how regulation of the NADPH ratio [NADPH/(NADPHϩNADP ϩ )] changes with oxidative damage, and this is a crucial point for understanding the mechanisms controlling redox homeostasis in mammalian cells.
NADPH is generated by a variety of reactions. It is known that mammalian tissues contain three NADP ϩ -linked dehydrogenases: glucose 6-phosphate dehydrogenase (EC: 1.1.1.49), isocitrate dehydrogenase (EC: 1.1.1.42), and malic enzyme (EC: 1.1.1.40). 4) However, it is generally believed that in many cells, including red blood cells (RBCs) and hepatocytes, a major part of the NADPH requirement is met by oxidation of the glucose 6-phosphate pathway (PPP). 5) Furthermore, the role of glucose phosphate dehydrogenase (G6PDH) in cellular response to oxidative stress is well established in human RBCs. 6) Conversely, RBCs have been used as a model in numerous studies to determine the significance of the GSH-dependent redox system since RBCs have an efficient antioxidant defense system composed of enzymes that function to prevent oxidative damage. [7] [8] [9] It is apparent that the maintenance of the NADPH ratio is required in redox systems; however, to the best of our knowledge there are few reports describing in detail the change in the NADPH ratio induced by reactive oxygen species (ROS). Several methods exist to quantify pyridine nucleotides, both the oxidized form (NADP ϩ ) and the reduced form (NADPH). [10] [11] [12] [13] [14] [15] [16] [17] [18] The method developed by Zerez et al. 11) offered several advantages over earlier methods. However, while using this method, we observed that the experimental system was incapable of quantifyng NADPH that is protein bound, thus changing the ratio of reduced NADPH to total NADPH (NADP ϩ ϩNADPH). Next, we adapted the modified method by Wagnar and Scott 12) to more reliably measure NADPH in human RBCs. Unfortunately, we obtained the unexpected result that the NADPH ratio was greater than the theoretical maximum of 1.0. We were also troubled by the low reproducibility of enzymatic cycling assay and its complicated reagents preparation and procedures, which lack an automated system. Thus, we established an improved method for selectively determining NADPH and total NADPH (NADPHϩNADP ϩ ). The present method utilizes HPLC and allows us to assess changes in the NADPH ratio in human RBCs in order to study redox regulation during exposure to tert-butyl hydroperoxide (t-BHP). Our study clearly shows that the NADPH ratio is changed in response to ROS exposure in RBCs and that the ratio depends upon glucose levels regulating PPP. Moreover, the data indicate that, when RBCs are exposed to ROS primary consumption of NADPH occurs during the reduction of GSSG to GSH. Preparation of Human Red Blood Cell Suspensions Twelve-hour fasting blood samples were obtained from seven healthy subjects (aged 21-45) after they gave informed consent. Blood was drawn into vacutainer tubes containing ethylenediamine tetraacetic acid (EDTA). RBCs were centrifuged for 15 min at 4°C, 800 g and were washed twice in phosphate buffered saline (PBS) with the same centrifugation procedures. The RBC suspension was prepared by adding PBS in the presence or absence of 10 mM glucose. The hematocrit of each RBC suspension was adjusted to 40% (Hct. 0.40). All experiments were performed on the day blood was drawn.
MATERIALS AND METHODS

Chemicals
Disruption of the GSH-Dependent Redox System The RBC suspensions (Hct. 0.40) were pre-incubated at 37°C in the presence or absence of 1 mM BCNU in PBS containing 10 mM glucose. After 30 min of incubation, each suspension was washed twice in PBS containing glucose. Ten microliters of t-BHP was added to 0.49 ml of RBC suspension, followed by incubation at 37°C for various lengths of time.
RBCs with low intracellular glucose levels (less than 2.5 mM per RBC) were prepared by pre-incubation for 45 min at 37°C in a PBS suspension devoid of glucose. Each RBC suspension (Hct. 0.40) was incubated in the presence or absence of 2 mM t-BHP for various time intervals. RBC glucose concentrations were determined by an enzymatic method using an assay kit (Glucose test Wako).
Development of NADPH Ratio Assay Total NADPH (NADPHϩNADP ϩ ) concentrations were determined by fluorometric detection with HPLC using 50 ml of washed and packed RBCs that were lysed by the addition of 950 ml of a 100 mM nicotinamide solution. Two hundred microliters of the sample lysate was added to 130 ml of 0.165 M Tris/HCl (pH 8.0) containing 16.5 mM MgCl 2 , 8.3 mM G6P, and 8.3 U/ml G6PDH. In the case of NADPH determination, the same amount of the sample lysate was added to 130 ml of 0.165 M Tris/HCl (pH 8.0) in the absence of G6P and G6PDH. After incubation at 37°C for 5 min, 0.5 ml of 0.12 M carbonate buffer (pH 12.0) was added to the mixture. Next, the solution (pH 10.4) was incubated at 60°C for 30 min, followed by centrifugation at 4°C (15000 g for 5 min). The reaction mixture was ultrafiltered (cutoff size: 10000, Millipore, Japan) at 4°C, after which 100 ml of the filtered solution was submitted to an HPLC system consisting of a reverse phase column (4.0ϫ250 mm, LiChrosphere RP-18(e), 5 mm, Merck), which had been pre-equilibrated with a mobile phase comprised of 5% methanol and 95% 0.1 M phosphate buffer at pH 6.0. A standard curve was produced from stock solutions of NADPH in extraction buffer (0.12 M carbonate buffer, pH 12.0, containing 10 mM nicotinamide) over a range of 10-500 mM (final concentration: 0.1-5.0 mM NADPH). A flow rate of 1.0 ml/min was used with a running time of 15 min.
Retention times and peak areas were monitored at excitation and emission wavelengths of 340 nm and 460 nm, respectively. NADPH concentrations were extrapolated from the areas underneath given calibration curves.
Total NADPH was determined by enzymatic treatment using G6P and G6PDH to convert NADP ϩ to NADPH. NADPH concentrations within RBCs were determined using a similar procedure, except for the enzymatic conversion step. The ratio of NADPH was calculated by dividing the amount of NADPH detected by the total amount of NADPH (NADPHϩNADP ϩ ). Recovery Test Analytical recovery was performed by adding a known amount of NADP ϩ or NADPH at 5 mM in 0.1 M phosphate buffer (pH 6.5) or a blank solution (only vehicle) to a pooled RBC suspension. The samples were treated as described above.
Oxidation of Human RBC Suspensions Exposed to t-BHP The effects of t-BHP were examined in RBC suspensions in the presence or absence of 10 mM glucose by incubating the RBCs at 37°C with 2.0 mM t-BHP for 60 min, after which the RBC suspensions were centrifuged for 10 min at 4°C, 800 g and washed twice to remove extracellular t-BHP. The packed RBCs was applied to determine the GSH levels and NADPH concentrations.
GSH Determination RBCs in suspension were centrifuged, and the packed cells were lysed by the addition of eight volumes of distilled water and the immediate addition of one volume of 25% (w/v) sulfosalicylic acid. After centrifugation for 5 min at 15000 g, a clear supernatant was obtained and then used for determination of GSH. GSH was measured by an HPLC method previously reported 19) with minor modifications. Briefly, the clear supernatant (10 ml) of acid-treated samples was neutralized by addition of four volumes of 0.2 M borate buffer (pH 10.5), and the mixture (50 ml) was allowed to react with labeling reagent. The concentration of GSH in RBCs was calculated by multiplying the value in the lysate by ten.
Other Methods The total protein concentration was determined by the Lowry method 20) using BSA as a standard (Bio Rad, Assay Kit). RBC glucose content was determined by colorimetric assay using glucose oxidase (Wako, Assay kit).
Statistics Each experiment was performed at least four times, and the results are expressed as meansϮS.D. Data were compared using Student's t-test. Statistical significance was considered at pϽ0.05.
RESULTS
Determination of NADPH and Total NADPH (NADPH؉NADP
؉ ) in Normal Human RBCs
To study changes in oxidative status, we devised a practical method to determine the NADPH concentration in RBCs as a model of living cells. We adopted a modified HPLC method with fluorometric detection using a general reverse phase column. This technique is relatively simple to perform and yields sensitive results over 5 times compared to the spectrometric assay methods. [12] [13] [14] [15] [16] [17] [18] An isocratic solvent system allowed for sufficient separation of NADPH from RBCs on a C 18 col-umn. The retention time for NADPH (6.3 min) is shown in Fig. 1 . The calibration curve for NADPH was linear over the range of 0.1-5.0 mM with a correlation coefficient of 0.999. The minimum detectable level was 1 pmol of NADPH with a signal-to-noise ratio of 3 per 100 ml of injection volume. The within-run precision (C.V., nϭ5) of the assays for total NADPH and NADPH was 2.4% and 8.6%, respectively. As shown in Table 1 10, 11) using spectrophotometric assays. The procedure for RBC lysate preparation allows for good recovery of NADP ϩ and NADPH (nϭ3, over 93.0% and 95%, respectively).
Alterations in the NADPH Ratios and GSH Levels upon Exposure of the RBC Suspension to t-BHP In the presence of glucose, GSH levels in the RBC suspensions did not change ( Fig. 2A) , while reduced NADPH ratios declined significantly decreased following one-hour incubation with t-BHP (Fig. 2B) .
Effect of Low Intracellular Glucose on the NADPH Ratio Following Exposure of the RBC Suspension to t-BHP After incubating the RBC suspensions for 45 min in the absence of glucose, the RBC suspension was exposed to t-BHP and incubated for one hour in the absence of glucose. As shown in Fig. 3 , GSH levels and the NADPH ratio significantly decreased. The NADPH ratio and GSH level had not recovered 4 h after t-BHP exposure in the RBC suspension pre-incubated in glucose-free medium (data not shown).
Effect of BCNU Treatment on the NADPH Ratio Following Exposure of the RBC Suspension to t-BHP When GR is inhibited or the glucose concentration is low, reduction of GSSG and the regeneration of NADPH via PPP might not occur as shown in Fig. 4 . We used BCNU, a specific inhibitor of GR, 21) to inhibit the consumption of NADPH via the reduction of GR-dependent GSSG. After treatment with 1 mM BCNU and 10 mM glucose, the RBC suspension was exposed to t-BHP and incubated for 1 h in the presence of glucose. Figure 5 shows the observed change in GSH level (Fig. 5A ) and NADPH ratio (Fig. 5B) . A significant decrease in the NADPH ratio was not observed in BCNU-treated RBCs and untreated RBCs following exposure to t-BHP. However, a significant difference in GSH levels was observed in BCNUtreated RBCs exposed to t-BHP.
DISCUSSION
NADPH is an essential cofactor for the regeneration of GSH by GR, in addition to its critical role in the activities of the NADPH-dependent glutaredoxin and thioredoxin sys- within the hemolysate samples were assayed, as described in Materials and Methods. Determination of total NADPH was obtained by enzymatic treatment using G6P and G6PDH to convert NADP ϩ to NADPH. NADPH concentrations in RBCs were determined using a similar procedure, except for the enzymatic conversion step. The NADPH ratio was calculated by dividing the amount of NADPH detected by the total amount of NADPH (NADPHϩNADP ϩ ).
Fig. 2. Changes in NADPH Levels in Human RBCs Treated with t-BHP
NADPH ratios in human red blood cells exposed to 2 mM t-BHP or vehicle alone (Control). t-BHP was added to the RBC suspensions and incubated for 4 h. After centrifugation at 4°C and 800 g for 10 min, the packed RBCs were lysed by the addition of 19 volumes of cooled 100 mM nicotinamide solution. NADPH and total NADPH (NADPHϩNADP ϩ ) in the hemolysate samples (nϭ4) were assayed, as described in Materials and Methods. * pϽ0.05.
Fig. 3. Effects of Glucose Deficiency on GSH Levels and NADPH Ratios in RBCs Exposed to t-BHP
Human RBCs obtained after fasting for more than 12 h were suspended in PBS in the absence [Glc(-)] or presence (Control) of glucose (Hct. 0.40). After incubation at 37°C for 45 min, the RBC suspensions were further incubated with 2 mM t-BHP at 37°C. (A) 100-ml aliquot of the packed RBCs was lysed by the immediate addition of 0.8 ml distilled water and 25% sulfosalicylic acid. After vigorous vortex centrifugation at 4°C and 15000 g for 5 min, GSH concentration was determined in a 100 ml aliquot of the supernatant as described in Materials and Methods (nϭ4). (B) After centrifugation at 4°C and 800 g for 10 min, the packed RBCs were lysed by the addition of 19 volumes of cooled 100 mM nicotinamide solution. NADPH and total NADPH (NADPHϩ NADP ϩ ) in the hemolysate samples (nϭ4) were assayed as described in Materials and Methods. * * pϽ0.01. tems. [22] [23] [24] Although both are important in protecting cells from oxidative damage, it is likely that NADPH primarily plays a role of supplying reducing potentials for the GSHdependent redox system in RBCs. 25 We established an improved method to precisely quantify NADPH and total NADPH in RBCs. Although some reports have described the HPLC method for spectrometric detection of nucleotides including NADPH as being time-consuming and generally less sensitive and specific than enzymatic cycling methods, 23, 24) the HPLC method presented here is more sensitive and specific for NADPH than usual HPLC methods combined with spectrometric detection due to the use of fluorometric detection. In addition, our method is practical and convenient for multiple samples since it is compatible with an auto-sampler. Our method has advantages over other methods for measuring alterations in the NADPH ratio 12, [15] [16] [17] It appears that other investigators observed lower NADPH ratios than the true values 27, 28) because the NADPH ratio is constitutively maintained nearly 1.0 in living cell on normal condition. 5, 12) The reason that the lower NADPH ratio was measured in normal RBCs or living cells, despite following an alkaline extraction procedure, is likely because these studies omit the heating step intended to release NADPH from binding protein 13, 29, 30) and both NADP and NADPH are determined simultaneously. Indeed, Lowry et al. reported that during alkaline extracts NADPH is oxidized and subsequently destroyed if hemoglobin is present.
12,31,32) Thus, we chose to perform hemolysis of packed RBCs under neutral conditions, and complete lysis was achieved by the addition of a 20 fold of low isotonic solution containing nicotinamide. In addition, we found that rapid addition of G6PDH and G6P to RBC lysate in Tris/HCl buffer (pH 8.0) was useful for recovering spiked NADP ϩ . Incubation for 30 min at 60°C is essential for the sufficient recovery of NADPH from RBC suspensions because alkaline extraction buffer does not denature/precipitate known NAD(P)H binding proteins in RBCs, e.g., catalase. 29, 30) Although the HPLC method for detecting NADPH in cultured rat hepatocytes by monitoring the fluorescence of NADPH has previously been reported, 33) NADPH and NADP ϩ were independently determined using two extraction procedures and two corresponding detectors. Another HPLC method has been proposed for analysis of oxidized and reduced pyridine dinucleotides in rodent brain.
34) The specific method is highly sensitive with simple extraction procedures and allows for tracing NADP ϩ and NADPH on one chromatogram. However, this unique method requires the pretreatment with cyanide and leads to two fluorescent products generated from the oxidized form (NADP ϩ ). Additionally, a gradient elution requires over 30 min for each assay and methemoglobin is highly reactive to cyanide. Therefore, this method is timeconsuming and inadequate for NADPH analysis in RBCs.
A disadvantage of our method presented here is the necessity to divide the sample into two aliquots for analysis of the reduced form (NADPH) and total NADPH (NADP ϩ ϩ NADPH). However, present method allows us to obtain better chromatographic separation of NADPH (Fig. 1 ) using a simple eluent under isocratic conditions within 15 min. Furthermore, since the solution is alkalized (pH 10.4) after enzymatic conversion to NADPH, the matrix is suitable for NADPH stability, and an autosampler can be used.
In this study, we initially used t-BHP and hydrogen peroxide as sources of ROS. However, no significant differences were observed in the NADPH ratios when hydrogen peroxide was added to RBCs because of the rapid scavenging by catalase. 35 ) Thus, we measured changes in the NADPH ratio during exposure to t-BHP under different conditions of oxidative stress in association with a GR inhibitor or glucose deficiency. Figure 2 indicates that the NADPH ratio was affected by peroxide exposure and that the ratio did not recover immediately in human RBCs in vitro. We previously demonstrated that GSH and GSSG levels in intact RBCs transiently decreased and increased upon exposure to t-BHP, respectively but rapidly recovered within 1 h. 36) These observations suggest that t-BHP is scavenged via a GPX-catalyzed reaction with GSH (Fig. 4) . Additionally, a decrease in GSH levels and an increase in GSSG levels were clearly observed in RBCs exposed to t-BHP when the RBCs were pre-treated with 1 mM BCNU or pre-incubated in glucose-free medium. In the current study, a clear decrease in the NADPH ratio was observed following exposure to t-BHP under low levels of glucose in RBCs, and the recovery of the ratio was significantly impaired (Fig. 3) . These findings indicate that regeneration of NADPH is dependent upon reactions with G6PDH and 6-phosphogluconate dehydrogenase via PPP, as shown in Fig. 4 . However, it is also well known that exposure to t-BHP induces the formation of methemoglobin. 37) Consequently, glucose in t-BHP-exposed RBCs metabolize via glycolysis in order to maintain a balance of NADH, which is a required cofactor in the reduction of methemoglobin by methemoglobin reductase.
38) The acceleration of glycolysis results in a decrease in the metabolism via PPP, which is capable of reproducing NADPH in the event that there are low levels of glucose in RBCs. Moreover, the homeostasis of the cellular NADPH ratio and that of the GSH ratio were disrupted by the pretreatment of a GR inhibitor following exposure to t-BHP. This result shown in Fig. 5 , strongly suggests that NADPH is mainly consumed by GR to reduce GSSG, which is produced by GPX with GSH as substrate due to t-BHP exposure.
In order to monitor NADPH ratios in cells under oxidative stress, we developed a method to determine total NADPH (NADPHϩNADP ϩ ) and NADPH levels in human RBCs. The present study clearly demonstrates that NADPH is a key component to maintain the redox status in human RBCs. The methodology described in this article allows for simple and accurate determination of NADPH levels in individual RBCs or clinical samples, and it should aid in elucidating the role of NADPH in the cellular redox balance. The NADPH ratio is affected when NADPH-dependent reductases act to recover the normal redox balance, and regulation of the ratio depends on glucose metabolism. Therefore, NADPH ratios are altered along with NADPH consumption primarily due to the maintenance of GSH levels in human RBCs. Moreover, a decrease in the ratio might serve as a biomarker for imbalanced redox regulation in the cells. In addition, the proposed method may be useful for studying oxidative stress because changes in the NADPH ratio would be maintained for a long periods of time compared to changes in GSH levels. This in vitro study suggests not only that NADPH contributes to the glutathione-dependent antioxidant system, which is dependent upon the pentose phosphate pathway but it also indicates that a decrease in the NADPH ratio may be a useful biomarker for exposure to reactive oxygen species and dysfunction of the redox system in living cells.
